The membrane lipid-anchored glypicans (Gpcs) [heparan sulfate (HS) proteoglycans (PGs)] are present in both vertebrates and invertebrates and serve as important modulators of growth factors and morphogens during development. Their core proteins are similar and consist of a large N-terminal domain comprising 14 evolutionary conserved cysteines and a C-terminal stalk carrying the HS side chains and the lipid anchor. Cysteines in Gpc-1 can be S-nitrosylated but their positions have not been identified. The recently determined crystal structure of the N-terminal domain of Gpc-1 has revealed that all the evolutionary conserved cysteines form intramolecular disulfide bonds. However, Gpc-1 contains two more, nonconserved cysteines in the C-terminal stalk, located near the HS attachment sites. We show here that the non-conserved cysteines are free thiols as a Gpc-1 core protein containing the C-terminal stalk could be biotinylated by 1-biotinamido-4-(4′-[maleimidomethyl-cyclohexane]-carboxyamido) butane. After S-nitrosylation by using a nitric oxide (NO) donor and copper ions, the Gpc-1 core protein was retained on an affinity matrix substituted with HS oligosaccharides containing N-unsubstituted glucosamines (GlcNH 2 /NH 3 + ). The protein was displaced with 0.2 M glucosamine but also by 2 mM ascorbate. In the latter case, the HS of the affinity matrix was simultaneously cleaved into fragments containing anhydromannose (anMan). We propose that the S-nitrosocysteine residues interact with closely located GlcNH 2 /NH 3 + in the HS side chains of the Gpc-1 PG. Addition of ascorbate induces a series of reactions that eventually releases HS fragments with reducing terminal anMan, presumably without the formation of free NO.
Introduction
The glypicans (Gpcs) are heparan sulfate (HS)-substituted proteoglycans (PGs) attached to cell membranes via a glycosylphosphatidylinositol (GPI) anchor. Six Gpcs are present in humans and mice (Gpc-1, -2, -3, -4, -5 and -6), two in Drosophila (Dally and Dally-like) and two in Caenorhabditis elegans (Gpn-1 and Lon-2). The Gpcs are important modulators of growth factor, cytokine and morphogen signaling as revealed by studies on human inherited disorders as well as by genetic experiments in fruit flies, nematodes and mice. Mutations in Gpc genes or genes encoding enzymes involved in HS assembly cause dysmorphic syndromes and aberrant patterning during development (for reviews, see Häcker et al. 2005; Filmus et al. 2008; Bülow and Hobert 2009) . For example, Gpc-1 controls brain size through the regulation of fibroblast growth factor signaling (Jen et al. 2009 ).
By using cultured cells, we have earlier shown that human Gpc-1 PG becomes S-nitrosylated, while recycling via a caveolin-1 associated endosomal pathway. During recycling, nitric oxide (NO)/HNO derived from S-nitrosylated Gpc-1 (Gpc-1-SNO) cleaves the HS chains at N-unsubstituted glucosamines (GlcNH 2 /NH 3 + ) yielding HS oligosaccharides terminating with anhydromannose (anMan) at the reducing end. The agent that induces S-denitrosylation resulting in deaminative HS cleavage is unknown. However, exogenously supplied ascorbate can initiate this reaction (Mani et al. 2000 (Mani et al. , 2006 Cheng et al. 2002; Ding et al. 2002; Fransson et al. 2004; ). The target GlcNH 2 /NH 3 + residues are usually clustered in HS segments located near the linkage to the Gpc-1 protein core (Ding et al. 2001) . The Cys residues that can become S-nitrosylated have not been located.
All Gpcs are structurally similar. The mature proteins have a large N-terminal domain containing 14 evolutionary conserved Cys residues and a smaller, C-terminal region that contains the HS attachment sites and terminates with the GPI anchor ( Figure 1, full length) . Biophysical studies of recombinant, anchorless human Gpc-1 (Figure 1 , ΔGPI) using far-UV CD have shown that the core protein is a predominantly α-helical, densely packed globular protein that is highly stable to chemical and thermal denaturation ).
The recently reported crystal structures of the N-terminal domains of the Drosophila Gpc Dally-like at 2.4 Å (Kim et al. 2011 ) and the human Gpc-1 at 2.5 Å (Svensson et al. 2012 ) reveal very similar shapes, i.e. an elongated, ellipsoid α-helical fold. Importantly, the crystal structure of human Gpc-1 reveals that all the 14 conserved Cys residues form disulfide bonds. Therefore, these residues are probably excluded as targets for S-nitrosylation.
C-terminal to the HS attachment region of human Gpc-1, there are two more non-conserved Cys residues (Figure 1 ). Crystals of a human Gpc-1 protein including the C-terminal region provided no additional electron density, suggesting that this region is an unstructured random coil and that these Cys residues therefore may be free thiols (Svensson et al. 2012) . By using recombinant, anchorless Gpc-1 core protein (Figure 1 , ΔGPI) and a truncated Gpc-1 core protein lacking both the HS attachment region and the non-conserved Cys (Figure 1 , ΔC), we show here that non-conserved Cys residues can become S-nitrosylated. Gpc-1-SNO core protein, but not non-S-nitrosylated Gpc-1 core protein, binds to an affinity matrix substituted with HS oligosaccharides that contain GlcNH 2 /NH 3 + residues. The bound Gpc-1-SNO core protein is displaced by free glucosamine or ascorbate. In the latter case, the HS chains of the affinity matrix are simultaneously cleaved. These results provide further insights into the mechanism of the NO-catalyzed autodegradation of endogenous, recycling Gpc-1 PG. Moreover, predictions concerning potential S-nitrosylation sites in other Gpcs can be made.
Results
Detection of Cys thiols in anchorless Gpc-1 core protein Recombinant anchorless human Gpc-1 is secreted into the culture medium both as a core protein without HS chains and as a HS PG. The core protein, which can be separated from the PG by ion exchange chromatography, is essentially non-Snitrosylated but can be S-nitrosylated in the presence of an NO donor and cupric ions Affinity chromatography of anchorless Gpc-1 core protein on a matrix substituted with HS oligosaccharides containing GlcNH 2 /NH 3 + residues
The matrix-attached HS oligosaccharides were obtained by the partial deaminative cleavage of N-desulfated HS. They ranged in size from di-to eicosasaccharide and contained randomly distributed GlcNH 2 /NH 3 + residues (Supplementary data, Figure S1A ). Anchorless Gpc-1 core protein that had been exposed to an NO donor and cupric ions (Gpc-1-SNO) was retained on this HS-affinity matrix ( Figure 3A ). Elution with 0.2 M glucosamine (GlcN) displaced the Gpc-1 core protein as confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Figure 3A , inset, lane 2). A concentration of 0.1 M GlcN was unable to displace Gpc-1-SNO (Supplementary data, Figure S2A ). Non-S-nitrosylated-Gpc-1 core protein did not bind to the HS-affinity matrix and was quantitatively recovered in the phosphate-buffered saline (PBS) wash ( Figure 3B ). To reduce the content of GlcNH 2 / NH 3 + in the HS-affinity matrix, a portion was treated with acetic anhydride. This HS matrix displayed reduced capacity to bind Gpc-1-SNO ( Figure 3C ), indicating that N-unsubstituted amino groups in HS are involved in the binding of Gpc-1-SNO. The capacity was not completely Fig. 2 . S-nitrosylation of cysteine thiols in anchorless Gpc-1 core protein (ΔGPI-core). Samples were either untreated or exposed to 0.1 mM SNP and 50 µM CuCl 2 , treated with biotin-BMCC and then split into two equal parts and slot-blotted using anti-biotin and anti-Gpc-1, respectively, for detection. In the control, biotin-BMCC was omitted. Staining intensities were recorded by densitometry and the results are expressed as the ratio between biotin and Gpc-1 staining intensities. The experiments were repeated three times at different concentrations and exposure times. A reduction in biotin staining upon S-nitrosylation was consistently observed. Fig. 1 . Schematic structures of human Gpc-1 core protein and truncated versions used in this study. Solid lines, conserved cysteine residues; broken lines, non-conserved cysteines; grey box, HS-attachment region; ΔGPI, lacking the GPI anchor; ΔC, lacking the C-terminal region including HS-attachment region and non-conserved cysteines. The numbering refers to the mature protein sequence. The original recombinant proteins generated from the vectors contain an N-terminal extension including a signal sequence, a hexahistidine tag and a proteolytic cleavage site.
S-nitrosylated cysteines in glypican-1 abolished either because other HS features are also involved or because the acetylation was incomplete. To initiate the deaminative cleavage of the HS adduct, a fresh HS-affinity matrix was loaded with Gpc-1-SNO core protein and then eluted with 2 mM ascorbate. This treatment displaced a major portion of the Gpc-1 protein ( Figure 3D) . A slot-blot assay of the effluent showed that it contained anMan-immunoreactive material, indicating that deaminative cleavage had taken place ( Figure 3D , inset). The affinity matrix that had been exposed to Gpc-1-SNO core protein and ascorbate displayed greatly reduced capacity to bind Gpc-1-SNO in keeping with a substantial loss of HS due to deaminative cleavage (Supplementary data, Figure S2B ). We conclude that the interaction between the Cys-SNO in the Gpc-1 core protein and the GlcNH 2 /NH 3 + in the HS adduct was eliminated by a combination of de-S-nitrosylation of Gpc-1 and simultaneous conversion of GlcNH 2 /NH 3 + to anMan. The low concentration required to release Gpc-1-SNO core protein from the HS affinity matrix (2 mM ascorbate cf. 200 mM GlcN) excludes an ionic strength effect.
Discussion
The present study shows that either of the non-conserved Cys residues in the C-terminal region of human recombinant, anchorless Gpc-1 can become SNO. As shown previously endogenous Gpc-1 PG is also natively SNO in cultured cells. By using antibodies specific for Gpc-1, Cys-SNO and GlcNH 2 /NH 3 + extensive co-localization to perinuclear compartments of cells were observed . By sequential immunoisolation by using first anti-Gpc-1 and then anti-Cys-SNO followed by purification on MonoQ, it was estimated that approximately one-third of total endogenous Gpc-1 was SNO .
The features underlying the specificity of Cys modification with NO remain poorly defined (Marino and Gladyshev 2010) . It has been suggested that SNO Cys residues are flanked by an acid-base motif and/or located in a hydrophobic environment. C-terminal to the HS attachment site in Gpc-1, there are two non-conserved Cys, one is flanked by Gly and Leu and the other by Leu and Ser. The latter amino acid is followed by Arg, Lys and Val ( Figure 4A , Gpc-1). There are also acidic amino acids flanking the HS attachment region. Moreover, the N-unsubstituted GlcN residues that are present in the proximal region of the HS chains in Gpc-1 PG are basic ( Figure 4B ). The PG form of Gpc-1 may thus be more accessible to S-nitrosylation than the core protein form. Moreover, the flexibility of the C-terminal stalk may permit close contact between all of these amino acid and amino sugar residues.
The formation of GlcNH 2 /NH 3 + takes place either during the biosynthesis of Gpc-1 PG, as a by-product of N-deacetylation/ N-sulfation, or before endocytosis, by N-desulfation of cell surface-attached Gpc-1 PG. The formation of GlcNH 2 most likely precedes S-nitrosylation. Brefeldin A-arrested Gpc-1 PG, which is not S-nitrosylated, carries HS containing GlcNH 2 residues and recombinant, secreted anchorless Gpc-1 PG carries GlcNH 2 -containing HS chains, but is not Snitrosylated ).
GlcNH 2 is thus expected to favor the formation of Cys thiolates as shown below:
Next, a Cys thiolate is expected to attract a nitrosonium ion as shown below:
Cys-S À þ NO þ ! Cys-SNO ðFigure 4B; upper reactionÞ Gpc-1-SNO core protein binds to an affinity matrix substituted with HS containing GlcNH 3 + residues. The mutual attraction is abolished or greatly reduced in the presence of an excess of free GlcNH 3 + (0.2 M) or by N-acetylation of HS. We therefore propose a dipole-cation interaction between −SNO and -NH 3 + (see legend to Figure 4B ). It cannot be excluded that other interactions between the Gpc-1-SNO core protein and the HS oligosaccharides contribute to the binding strength. Gpc-1-SNO on HS-NH 2 and eluted with ascorbate (Asc). Inset, slot blot of aliquots of the PBS pool and the ascorbate elutate (Asc), respectively, and detected by an mAb against anMan-containing saccharides. GlcN, glucosamine; Gly, glycine; Asc, ascorbate. Binding of Gpc-1-SNO core protein to the affinity matrix was demonstrated in three separate experiments.
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When the HS-affinity matrix was loaded with Gpc-1-SNO and then exposed to 2 mM ascorbate, the deaminative cleavage of the HS chains took place. It is known that nitrous acid deamination and cleavage of GlcNH 3 + glycosides proceed via the formation of diazotized intermediates (Horton and Philips 1973) . Moreover, a new deaminative decomposition pathway for free Cys-SNO, where NO is not released, also involves formation of diazonium salts (Adam et al. 2005) . A similar reaction may thus take place when Cys-SNO in Gpc-1 catalyzes the cleavage of HS at GlcNH 3 + as shown below:
4B; lower reactionÞ Subsequent cleavage of the glucosaminidic bond generates HS fragments with reducing terminal anMan and a truncated Gpc-1 PG ( Figure 4B ).
As Gpc-1-SNO catalyzes the cleavage of an extrinsic HS coupled to the affinity matrix, it is possible that a Gpc-1-SNO can catalyze the cleavage of HS in another HS-PG. Selfassociation between HS chains of two HS-PG can facilitate this event (Fransson et al. 1981 ). In addition, if NO is not released during the deaminative cleavage of intrinsic or extrinsic HS, this should prevent the cleavage of the GlcNH 3 + in the GPI anchor, unless it is protected by N-acylation (Edgren et al. 1997) .
Given the high level of sequence conservation in the N-terminal domains of Gpc and Dally, the 14 Cys residues are probably forming disulfide bonds in all Gpc. As Gpc-2, Dally and Dally-like have no Cys residues in the C-terminal region ( Figure 4A ), it appears unlikely that they should undergo NO-dependent autocleavage of their HS chains. As shown in Figure 4A , Gpc-3 has two Cys residues in the vicinity of the HS attachment sites, and two Lys, but less hydrophobicity. Gpc-4 and Gpc-6 both have two Cys in this region, some local hydrophobicity but no basic amino acids. Gpc-5 has two Cys as well as basic amino acids but less hydrophobicity in the corresponding region. It remains to be tested whether any of these Cys can be S-nitrosylated.
Materials and methods
Materials 1-Biotinamido-4-(4′-[maleimidomethyl-cyclohexane]-carboxyamido)butane (biotin-BMCC), monoclonal anti-biotin clone BN-34, an antiserum to Gpc-1, a mAb recognizing anManterminating HS fragments (mAb AM), various secondary antibodies, SDS-PAGE gels, blotting membranes and detection reagents were generated/obtained from sources listed previously and applied as described by the manufacturers or elsewhere (Ding et al. 2001 Cheng et al. 2002; Mani et al. 2006 Mani et al. , 2007 Cheng et al. 2011) . A HS oligosaccharide preparation containing GlcNH 2 and terminating with anMan at the reducing end was generated by partial deaminative cleavage (HNO 2 at pH 3.9) of N-desulfated HS as described elsewhere (Oligo-II in Cheng et al. 2011) . Hydrazide-substituted agarose (Affi-Gel Hz) was from Bio-Rad, Sundbyberg, Sweden.
Preparation of Gpc-1 core proteins A recombinant human Gpc-1 lacking the GPI anchor was generated as described previously Fig. 4 . Structure of C-terminal regions in human and Drosophila Gpc and proposed mechanism for the SNO-dependent deaminative cleavage of HS in Gpc-1. (A) Comparison of sequences comprising the HS attachment regions and the non-conserved Cys. Underlined, potential HS-attachment regions; bold face and enlarged, non-conserved Cys; italics and enlarged, basic amino acids. (B) Proposed mechanism for Gpc-1 S-nitrosylation and subsequent deaminative cleavage of HS. The major part of the Gpc-1 core protein forms an N-terminal, ellipsoid globular domain. The smaller, flexible C-terminal part is substituted with three HS chains (solid lines), contains two non-conserved Cys (C) and terminates with the GPI anchor (not shown). The HS chains contain clusters of N-unsubstituted glucosamines (GlcNH 2 /−NH 3 + , only one of which is depicted, hexagon), preferentially located near the linkage region to the protein core (Ding et al. 2001) . The HS chains are not drawn to scale, they should extend far beyond the limits of the core protein (Svensson et al. 2012) . (Horton and Philips 1973) and leaving behind a Gpc-1 with short HS stubs.
S-nitrosylated cysteines in glypican-1 Svensson et al. , 2011 . In brief, cells were transfected with a plasmid containing a sequence coding for a signal peptide, a His 6 region, a proteolytic cleavage site and Gpc-1 extending from the N terminus to amino acid 506 of the mature protein, thus lacking the C-terminal serine used for GPI attachment (Figure 1, ΔGPI) . The recombinant Gpc-1 products, which are secreted into the medium and consist of both HS-substituted and non-substituted proteins, were purified by affinity chromatography on a nickel-nitrilotriacetic acid column and finally separated into Gpc-1 core protein and Gpc-1 PG by ion exchange chromatography on diethylaminoethyl-cellulose after the removal of the His 6 tag by cleavage with tobacco-etch virus protease. A C-terminally truncated recombinant human Gpc-1 was obtained after transfection with a similar plasmid as above but containing a sequence coding for a protein extending from the N terminus to amino acid 456 of the mature protein, and thus lacking both the HS attachment region and the non-conserved cysteines (Figure 1 , ΔC; Svensson et al. 2011 Svensson et al. , 2012 .
Detection of cysteine thiols and S-nitrosylation
Cysteine thiols can be biotinylated by using biotin-BMCC and SNO by using an NO donor and cupric ions. Samples of Gpc-1 core proteins (30 µg) were biotinylated as described elsewhere (Jaffrey et al. 2002; ), split into two equal parts and slot blotted onto polyvinylidene difluoride (PVDF) membranes that were probed with antibiotin (1:500) and anti-Gpc-1 (1:2000), respectively (Cheng et al. 2011 ). Prior to biotinylation samples were either left untreated or exposed to 100 µM sodium nitroprusside (SNP) and 50 µM CuCl 2 for 20 min at room temperature ).
Preparation of an affinity matrix substituted with HS oligosaccharides containing GlcNH 2 residues Twenty-two milligram of Oligo-II was coupled to Affi-Hz (5 mL gel) according to the description of the manufacturers (Supplemental data, Figure S1 .) Afterwards, the gel was sedimented and washed with 5 vols of 0.2 M glycine, pH 2.5. The washings were combined and dialyzed against water (3 K cut-off) and lyophilized. Twelve milligram of Oligo-II was recovered, suggesting that the affinity matrix should contain 2 mg/mL of Oligo-II. An 0.5-mL batch of the affinity matrix in 0.05 M Na 2 CO 3 was mixed with 5× 1 µL of acetic anhydride/acetone (1:50) under stirring on ice to N-acetylate GlcNH 2 residues in the HS adduct. Between each addition pH was restored to 7.5 by saturated Na 2 CO 3 . The N-acetylated gel was reconstituted in PBS.
Affinity chromatography of Gpc-1 core proteins on the affinity matrix substituted with HS oligosaccharides containing GlcNH 2 /NH 3 + residues
Columns were packed with 0.5 mL affinity matrix reconstituted in PBS. Each column should thus contain 1 mg of HS oligosaccharide corresponding to 0.4 μmol assuming an average size of 2500D. Samples of 0.25 mg Gpc-1 core protein in PBS were applied to each column which should correspond to 4 nmol. The column was eluted with 5× 0.5 mL of PBS, 0.2 M glucosamine (GlcNH 2 /NH 3 + ) or 2 mM ascorbate, both in PBS, and, finally, with 0.2 M glycine (Gly), pH 2.5. The effluents were analyzed for protein by absorbance at 280 nm. In some cases, effluents were analyzed for Gpc-1 core protein by SDS-PAGE performed on 4-12% Bis-Tris gels in 3-[N-Morpholino]-propanesulfonic acid buffer and detected by Coomassie blue staining and for anMan immunoreactivity by slot blotting to PVDF membranes probed by mAb AM (1:100).
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
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